Lake Erhai is located in a low latitude, high altitude region in Yunnan province, China, and contains diverse endemic aquatic organisms. This study provides baseline information on the spatiotemporal water temperature distribution for examining the thermal environment for aquatic organisms in Lake Erhai. Temperature observation using temperature loggers was conducted from March to June 2009, covering the spawning period of most cyprinid fishes, the dominant taxonomic group of fish in the lake. During the daytime, the hourly average temperature was different between the surface and the bottom layer both in the littoral and pelagic zones; those differences disappeared during the nighttime, indicating nocturnal vertical water mixing. Daily average temperature, as well as intraday temperature variation, was negatively correlated with the site depth both in the surface and the bottom layers, suggesting that the littoral zone is warmer than the pelagic zone but less stable as a thermal habitat for aquatic species. Based on its geological location and depth, Lake Erhai could be classified as a polymictic lake, which tends to be well mixed; however, our study results indicate a high heterogeneity in water temperature. This specific thermal environment supports local fauna and flora and thus must be conserved to ensure their survival.
Introduction
Limnological features of lakes and ponds including temperature, availability of light for photobiological and photochemical processes, oxygen levels, nutrient retention times, and habitat availability are predominantly controlled by geological location and lake shape (Wetzel 2001 , Kalff 2002 . Water temperature in particular plays a significant role in the functioning of lake ecosystems due to its effects on thermal stratification, solubility of dissolved oxygen, metabolism and respiration of lake fauna and flora, and the toxicity of pollutants (Stefan et al. 1998 ).
Lake Erhai in Yunnan Province, China, has characteristic limnological features based on its geological location in a low latitude, high altitude region. It is the largest fault lake in the Yunnan Plateau. The lake is currently suffering from eutrophication (Jin 2003) and shoreline modifications such as construction of roads and embankments due to rapid economic development and population increases in the region in recent years. To deal with such problems, the thermal environment in the lake must be determined because vertical and horizontal variation in lake water temperature regulates circulation and stratification of water, which in turn affects nutrient cycles throughout the lake. According to the classification of lakes proposed by Lewis (1983) , Lake Erhai can be identified as a warm polymictic lake, which indicates that water mixing is frequent; therefore, short-term fluctuations in water temperature need to be examined to precisely track the water movements and to determine how they contribute to the characteristic limnological features of the lake. Moreover, Lake Erhai has been identified as a habitat supporting sympatric speciation of cyprinid fish (Zheng et al. 2001) as well as a large number of endemic and rare aquatic animals. For example, 17 endemic fish species have been reported (Chu and Zhou 1989) , and these indigenous animals may have adapted to the limnological environments in the lake and to seasonal changes in these environments. To manage the water quality of the lake as well as to ensure its continuing support of this diverse ecology, the thermal environment in the lake must be determined to facilitate future studies on indigenous aquatic organisms and their conservation.
Global warming is now suspected to cause evolutionary and morphological changes, phenological shifts, abundance and community reassembly, range shifts, and ecosystem process changes (Parmesan and Matthews 2006) . In addition, local factors can affect water temperature on smaller spatiotemporal scales; for example, clearcutting of riparian vegetation along rivers has been reported to result in incremental changes in water temperature (Sugimoto et al. 1997, Bourque and Pomeroy 2001) . The underwater morphometry of a lake shore can also cause remarkable changes to the thermal environment, and the risk of anthropogenic shoreline modification leading to the loss of littoral heterothermal habitats has been noted (Yamanaka et al. 2010 ). Global warming is certainly a major long-term threat to the thermal environment of lakes, but we also must address the relatively more direct anthropogenic impact on the lake environment on a local scale and over a short period of time. Without baseline data on the thermal environment of a lake at a fine spatiotemporal resolution, effective monitoring and management of the lake's environment is not possible because of the high potential to miss anomalies.
In the present study, horizontal and vertical distributions of water temperatures in Lake Erhai were measured from early spring to early summer during the potential spawning season of indigenous cyprinid fishes (Zheng et al. 2004 ) to establish baseline data on the thermal environment during that period. Spatial thermal variations between the surface and bottom water layers and between the littoral and pelagic zones, and temporal thermal variations at each observation site, were analyzed to elucidate the characteristics of the thermal habitat for aquatic organisms.
Study site
The positional coordinates of Lake Erhai are 25°35′-58′N; 100°05′-17′E. The surface elevation is about 1974 m a.s.l. Maximum and average water depths are 20.9 m and 10.5 m, respectively, and the surface area is 249.8 km 2 . The lake is 42 km in length (NNW to SSE) and has a maximum width of 8.4 km. The storage volume is 2.88 × 10 9 m 3 . There are 117 tributary rivers and streams in the lake basin that flow into the lake; 18 streams flow into the lake from the Cangshan Mountain to the west of the lake (Guo et al. 2001) . The Xier River is the only outlet, and it flows from the southern end of the lake to the Mekong River downstream.
Methods
Water temperature loggers were set at 40 sites distributed over a vast area of the lake to enable comparison of spatiotemporal thermal environment data between the littoralpelagic zones and the surface-bottom water layers ( Fig. 1 ; Table 1 ). Temperature was measured using a temperature logger (accuracy ±0.47 °C; resolution 0.1 °C at 25 °C; UA-001-64; Onset, Pocasset, MA, USA) at 2 depths: 50 cm below the water surface (surface water layer) and 50 cm above the lake bottom (bottom water layer) at each monitoring site using a fishing float, a rope, and a concrete weight. At 2 littoral sites, only one logger was set because the water depth was too shallow for the placement of a second logger. Temperature was logged from 28 February to 22 June 2009 at 20 min intervals. Prior to placement in the field, all loggers were wrapped in a plastic bag and stored in a carrying bag for 6 h at night to acquire data for mutual calibration. The differences between average temperatures of each logger and total average of all loggers during the period (average temperature = 19.58 ± 0.22 °C) were used to standardize temperatures among loggers. Data obtained on days when logging was completed over 24 h (i.e., 1 March to 21 June) were used for further analyses.
Hourly and daily average temperature and fluctuation (calculated as the standard deviation) were compared between the littoral (average depth = 2.6 ± 1.3 m) and pelagic (average depth = 9.0 ± 3.0 m) zones, and between the surface and the lake bottom. The relative fluctuation of the surface and bottom water temperatures in the pelagic zone was examined by analyzing the intraday fluctuation pattern. For each measurement made at 20 min intervals, each surface and bottom temperature data point at each of the pelagic sites was averaged and the difference was calculated. The frequency of time points at which the temperature of the bottom water layer was equal to or Spatial-temporal analysis of water temperatures during spring in Lake Erhai, China
Inland Waters (2012) 2, pp. 129-136 higher than the temperature of the surface water layer was summed for each 20 min interval and averaged on a daily basis. In addition, the number of days in which vertical homogenization was observed were noted for each pelagic site. Statistical analyses were performed using the Wilcoxon-Mann-Whitney test to determine mean differences. Pearson's product moment test was used for correlation analysis. All statistical tests were 2-tailed, used an alpha value of 0.05 for statistical significance, and were performed using the statistical package R (ver. 2.7.0; The R Foundation for Statistical Computing).
Results
Loggers were retrieved on 22 June; however, loggers at 26 sites were lost. Most of the lost loggers were suspected to have been dislodged by fishing nets during fishing operations, even though fisheries activity is generally at its lowest point during this period of the year. Other loggers had dried up at some of the littoral sites due to a decreasing lake level during the study period. Data from the dried and lost loggers were excluded from further analysis. As a result, temperature data from 10 surface and 10 bottom sites were used for analysis.
Over the whole survey period, water temperature in the lake increased consistently ( Fig. 2 ; Table 1 ). Hourly average temperature and hourly temperature fluctuation showed daily fluctuation patterns that increased mainly during the daytime. Hourly average temperatures were higher in the surface layer than in the bottom layer during the middle part of the daytime from 11:00 to 16:00 in the littoral zone (Wilcoxon W (W) = 24, 24, 24, 24, 24, 23 for each time, respectively; P < 0.05 at all times; Fig. 3a ) and from 11:00 to 18:00 in the pelagic zone (W = 23, 24, 24, 24, 24, 23, 23, 23 for each time, respectively; P < 0.05 at all times; Fig. 3b ). Hourly temperature fluctuation of the surface layers in the littoral and pelagic zones increased rapidly just after sunrise ( Fig. 3c and d) and maintained higher values than the bottom layer throughout most of Fig. 1 . Temperature of logger locations in Lake Erhai (black and white circles). Successfully retrieved loggers are labeled with site numbers (black circles). Sites 280-288 are pelagic, and those assigned double digit numbers are littoral. Of the retrieved loggers, only those that remained immersed during the entire observation period were selected and used for data analysis. For selected loggers, see Table 1 . the daytime from 8:00 to 18:00 in the littoral zone (W = 24, 25, 25, 25, 24, 23, 24, 24, 24, 24, 24 for each time, respectively; P < 0.05 at all times). The higher hourly temperature fluctuation values in the surface layers even held up to midnight in the pelagic zone from 8:00 to 23:00, except 22:00 (W = 25, 25, 25, 25, 25, 25, 25, 25, 25, 25, 25, 25, 24, 23, 23 At the pelagic sites, based on a 20 min time resolution, the vertical difference marked a zero or minus value overnight; in other words, the surface water temperature must have been cooler than the bottom water temperature (Fig. 5) . The frequency of zero or minus values increased gradually after 18:00, peaked around 6:00 the next morning, and then rapidly decreased (Fig. 5) . At each pelagic site, vertical homogenization was observed on an average of 99 d (range 92-113 d) during a study period of 113 observation days.
Discussion
The hourly average temperatures in the surface and the bottom layers showed diurnal fluctuations ( Fig. 3a and b) . During the daytime, significant differences between the 2 layers were observed, and higher surface layer temperatures in both the littoral and the pelagic zone indicates that thermal stratification forms during the daytime both in the littoral and the pelagic zones. Vertical water mixing occurs during the nighttime. Diurnal fluctuations in temperature were slightly larger in the littoral zone than in the pelagic zone, and the peak temperature in the daytime was higher in the littoral zone (Fig. 3a, b) . In comparison, a large difference was not observed in the nighttime temperatures between the littoral and the pelagic zones. The difference in the temporal temperature regime between the littoral and the pelagic zones seems to be caused by the differential heating and cooling (Monismith et al. 1990 ) originating from the difference in the water volume between the 2 zones; in other words, the littoral zone is prone to more pronounced heating and cooling because of its smaller water volume. The nighttime temperature homogenization between the littoral and the pelagic zones indicates a high potential for horizontal water mixing. The littoral zone tends to be slightly warmer than the pelagic zone; the temperature difference contributes to horizontal exchange, particularly during calm conditions. The daily water movements between the surface-bottom water layers and the littoral-pelagic zones may enable the transportation of nutrients and any pollutants, especially those that originate from resuspended sediments from the lake bottom (MacIntyre and Melack 1995) . This hydrological feature may intensify eutrophication and cause intensive algal blooms in the lake.
Vertical homogenization of water temperature or temperature inversions were frequently observed overnight (Fig. 5) , indicating that Lake Erhai is a warm polymictic lake, consistent with its classification based on latitude and depth (Lewis 1983) . Lewis (1983) proposed 2 categories of warm polymictic lakes: continuous warm polymictic and discontinuous warm polymictic. The former is a lake in which water mixing occurs daily, whereas the latter refers to a lake with a mixing stratification period of days or weeks but not entire seasons. Lake Erhai seems to fall somewhere between the 2 categories because it does not fully show a perfect daily cycle of water mixing in terms of the frequency of vertical temperature homogenization in the pelagic sites. Escobar et al. (2009) reported the annual thermal regimes in 4 lakes in Florida, USA, located between 27°35′N and 29°50′N and showed that vertical thermal stratification began in spring in these lakes and weakened in fall; at a similar latitude, however, Lake Erhai did not show any indication of persistent thermal Spatial-temporal analysis of water temperatures during spring in Lake Erhai, China
Inland Waters (2012) 2, pp. 129-136 stratification throughout our observation from spring to the beginning of summer. Except for shallow lakes with maximum depth <5 m, which are often observed in Florida, lakes in low latitude regions are likely to develop stable thermal stratification during warm periods due to increased heat energy provided by the solar radiation. Lake Erhai, however, seems to be a polymictic lake located in a low latitude but high altitude region; therefore, the thermal conditions in the lake could be similar to lakes in a higher latitude region, around 32° N, according to Lewis's latitude-altitude adjustments (Lewis 1983 ). During our observation period, increased turbidity was routinely observed in the southeast part of the lake (local researchers, pers. comm.), indicating that northwest winds prevailed over Lake Erhai. This observation implies that fetch can be more than 10 km and intensifies water circulation in the lake. The combination of high altitude and long fetch likely caused greater mixing in Lake Erhai relative to other lakes at similar low latitudes.
The thermal conditions in deeper sites were temporally more stable than shallow sites in Lake Erhai (Fig. 4b) . Temporal fluctuation in water temperature profoundly affects the metabolic conditions and growth of fish. In the case of the common carp (Cyprinus carpio; Linnaeus 1758), the costs associated with temperature acclimation amount to 29% of the energy required for standard metabolism when the temperature of water fluctuates at a rate of 1 °C/d (Becker et al. 1992 ). This energy need is the fish's response to environmental temperature change, which activates physiological processes that facilitate faster at warmer temperatures, provided these are within a certain range (Mills 1991) . The limited March-July spawning periods of local fish in Lake Erhai suggests that spawning is seasonally specific and related to the thermal environment (i.e., it occurs when water temperatures increase). Moreover, high water temperatures in the littoral zone may guarantee high zooplankton production, a source of food for fish larvae. The water temperature in the littoral zone in the lake is not stable, however; it is warm but also fluctuates throughout the day to a much larger degree than temperatures in the pelagic zone (Fig.  4) . The fish may therefore face an energy conflict and prefer to spawn in the warmer but more unstable littoral zone.
The most important environmental factor for aquatic organisms other than water temperature is dissolved oxygen concentration. In lakes where a seasonal thermocline develops and is sustained for a considerable time length, fishes inhabiting the hypolimnion may suffer from hypoxia. In Lake Erhai, although oxygen concentrations were not measured in the present study, frequent, almost daily, vertical water mixing seems to reduce the occurrence of hypoxic events by supplying oxygen from the surface layer. Although oxygen concentration may be affected by inflow water from inlet rivers (Botelho and Imberger 2007) or by macrophyte stands that strengthen the thermal stratification (Herb and Stefan 2005) , sufficient data for analyzing these effects were not collected in the present study, so further research is merited. acclimation to the new temperature. Moreover, a small temperature change of at least 3 °C can act as a stressor for carp and induce cortisol release (Takahara et al. 2011 ). In cases with long lasting stress or extensive stress, fish would experience immune system insufficiencies. Thus, temporal stability in water temperature has significant physiological and biological effects on fish (Elliott 1981) ; however, in terms of daily average temperature, shallow sites were warmer than deeper sites (Fig. 4a) . The majority of cyprinid fish are broadcast spawners, often spawning over or between plants or on rocks or gravel (Balon 1975) , indicating a dependency on the littoral habitat. These fish may prefer warm water temperatures because the rate of development of fish eggs and the growth rate of larvae are Spatial-temporal analysis of water temperatures during spring in Lake Erhai, China
Inland Waters (2012) 2, pp. 129-136 Lake Erhai supplies the local population with many resources, including drinking water, fisheries products, and tourism. All resources rely on a sound aquatic environment; therefore, basic information on the thermal environment that governs the physicochemical and biological phenomena in the lake is indispensable for further enhancement and protection of these resources. All wildlife physiology, behavior, and life history is associated with its surrounding environment. Lake Erhai supports many endemic species; therefore, local environments with high heterogeneity must be conserved to ensure the survival of local fauna and flora. Specific heterothermal conditions influence local populations and the fish community because temperature affects foraging ability (Persson 1986 , Bergman 1987 , swimming speed (Wardle 1980) , and interspecific competition (Taniguchi et al. 1998) . For conservation activities to be effective, regional as well as local environmental processes must be quantified; therefore, this study attempted to determine the thermal environment in Lake Erhai. Spatiotemporal differences in lake water temperature have a profound influence on water flow, which is caused by a daily cycle of thermal forcing (Lei and Patterson 2006) ; therefore, information on nutrient dynamics and primary production is needed to clarify these temperature differences. The thermal environment of the lake will be affected by global warming and other anthropogenic effects. On a shorter time scale, shoreline modification has the potential to homogenize the thermal environment in the lakes by degrading the gentle gradient in water depth, which increases from the shoreline in an offshore direction (Yamanaka et al. 2010) . Because Lake Erhai is exposed to rapidly increasing human interference, both chemically and physically, further detailed and long-term monitoring of water temperature in the Lake is required to conserve the aquatic ecosystem and to manage the water quality of the lake.
